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£57] ABSTRACT |

An improved instrument for the precise measurement of
interfacial tension between two fluid phases by means of
a drop of the less dense fluid surrounded by the more
dense fluid, both fluids spinning together in gyrostatic
equilibrium. Elements of the invention eliminate depar-
tures from gyrostatic equilibrium which went unrecog-
nized in the prior art. These elements are based on hy-
drodynamic principles unknown in the prior art. The
instrument is characterized by the combined use of air
bearings and sample-holder mountings which reduce
vibrations and eccentricities, eliminate temperature
gradients within the sample, and assure that interfering
hydrodynamic flows are suppressed. Other improve-
ments include biprecision sample tube, full visual access
to the spinning drop, leveling provisions, timing belt
transmission, avoidance of bearing heating and wear
problems, and convenient control of sample tempera-

ture.

12 Claims, 4 Drawing Figures
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PRECISION SPINNING DROP INTERFACIAL
TENSIOMETER

BACKGROUND OF THE INVENTION

1. Field of the Invention - , ,

The invention pertains to the measurement of surface
or interfacial tension between two fluid phases, gas and
liquid or liquid and liquid. This basic physical property
of fluid interfaces is important to most fields of techno-
logical art in which gas-liquid and liquid-hiquid 1nter-
faces or menisci occur, including but not limited to
detergency, solubilization, microemulsification, emulsi-
fication, demulsification, foaming, defoaming, aeration,
absorption, distillation, extraction, metallurgical and
polymeric melt processing, crystal growing, various
fluid phase reaction methods, and formulations of wet-
ting agents, spreading agents, lubricants, drilling fluids
for well-drilling, adhesives, paints, coatings, photo-
graphic films, chemical solutions for enhanced oil re-
covery, etc. 3

The invention pertains to the measurement of ail
magnitudes of interfacial tension but is especially advan-
tageous for measurement of tensions less than 1 dyn/cm
(10—3 newton/meter) and is even more advantageous
for measurement of tensions less than 10—2 dyn/cm
(103 newton/meter). It is also advantageous for mea-
surements at temperatures substantially different from
ambient.

2. Description of the Prior Art

Conventional methods of measuring fluid interfacial
tensions are the force methods, the shape methods, and
several miscellaneous methods. The principal force
methods are the well-known techniques of the Du
Noiiy ring and the Wilhelmy plate. These methods are
generally not suitable for tensions less than 1 dyn/cm,
because the force becomes too small to be accurately
measured. The principal shape methods are the sessile
drop and the pendent drop, both well-suited for low
interfacial tension measurements. Other miscellaneous
methods include the differential capillary rise, drop
weight, maximum bubble pressure, and light scattering
techniques. Though capable of measuring low tensions,
they are not widely used owing not only to the tedious
measurement procedure involved, but also to other
requirements and limitations. The state of art 1s summa-
rized by A. W. Adamson, Physical Chemistry of Sur-
faces, 3rd edition, Wiley (19796). |

The spinning drop technique is a shape method but 1s
not conventional. The method, first devised by Vonne-
gut in 1942 (B. Vonnegut, Rev. Sci. Instr. 11 6 (1942)),
has received its development in connection with low
interfacial tensions:

Silberberg (A. Silberberg, Ph.D. Thesis, University
of Basel, Switzerland, 1952) measured low tensions in a
polymer system by means of the spinning drop method.
He noted the effects of bearing heating and the conse-
quences on the tension. o

Princen et al (H. M. Princen, 1.Y.Z. Zia and S. G.
Mason, J. Colloid Interface Sci. 23, 99 (1967}) solved
the spinning drop shape problem by means of elliptic
integrals and showed how to solve explicitly for the
tension. They developed a variable speed spinning drop
apparatus for measuring surface and interfacial tensions.
But instead of measuring drop diameter they chose to
measure drop length and volume and from these to
calculate tension. The reason evidently 1is that this ap-
proach avoids the need to determine the cylindrical lens
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effect of the sample tube. It depends on the drop volume
remaining constant at the volume injected, which 1s
often violated. |

Ryden and Albertsson (J. Ryden and P. Albertsson, J.
Colloid Interface Sci. 37, 219 (1971)), using essentially
the method of Princen et al, measured ultralow tensions
(<0.01 dyn/cm) in a phase-separated polymer system.
Their operating speed range of 200 to 450 rpm may
sometimes be suitable for viscous polymer systems but is
too low to achieve needed gyrostatic equilibrium in less
VvIsSCOous systems.

Patterson et al (H. T. Patterson, K. H. Huand T. H.
Grindstaff, J. Polymer Sci. Part C, 34, 31 (1971)) modi-
fied the method for measuring tensions of molten poly-
mer solutions. They measured the drop diameter photo-
graphically and used experimentally-determined magni-
fication factors in their calculation of tensions from
measurements. -

Torza (S. Torza, Rev. Sci. Instru. 46, 778 (1975))
designed a spinning drop apparatus using air bearings to
avoid bearing heating and a magnetic coupling to re-
duce vibration. The instrument is relatively vibration
free up to 7,000 rpm, but not beyond. It employed a
comparatively large diameter of sample tube.

Of the spinning drop instruments described, all but
Silberberg’s and Ryden and Albertsson’s were designed
for measuring relatively high tensions. Cayias et al (J. L.
Cayias, R. S. Schechter and W. H. Wade, in Adsorption
at Interfaces (edited by K. L. Mittal), ACS Symposium
Series 8, pp. 234-247 (1975)) much improved the
method in an attempt to accommodate ultralow interfa-
cial tensions. Their design, known as the University of
Texas Spinning Drop Interfacial Tensiometer, has be-
come widely used for low tension measurements in the
petroleum recovery art. The design is also copied and
attempts have been made to improve upon ii.

Gash and Parrish (B. Gash and D. R. Parrish, J. Pet.
Tech. 29, 30 (1977)) developed a constant-speed spin-
ning drop apparatus for surfactant screening. They
mounted the sample tube directly to the motor shaft by
an aluminum collar, which avoided the use of bearings.
The relatively low operating speed of 3,600 rpm is prob-
ably not sufficiently high to ensure gyrostatic equilib-
rium, and vibration may be serious.

The evolution of the spinning drop method shows
that nc previous investigators correctly recognized the
nature of departures from gyrostatic equilibrium which
are brought about by vibrations, eccentricity, varying
speed, bearing heating and temperature variations. Only
Torza tried air bearings but he did not consider the
matter of coaxiality. In his measurements he avoided
drop diameter and relied on constancy of drop volume,
which is not uncommonly inconstant, especiaily mn low
tensions systems.

No previously described instrument has adequate
provisions for establishing that gyrostatic equilibrium is-
approached closely enough by the contents of the sam-
ple tube to permit reliable measurements of interfacial
tension.

No previously described instrument has been de-
signed on the basis of hydrodynamic principles and an
analysis of all of the expected errors. Shoricomings of
previously described instruments include bearing heat-
ing and non-isothermal sample holder, lack of coaxiality
of the bore of the sample holder and the rotation axis,
vibrations from bearings and motor, limited visual ac-
cess to the sample holder, absence of provision for sam-
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ple holders of different inside diameters, insufficiently

high rotational speeds, and inadequate provision for
leveling the axis of rotation.

SUMMARY OF THE INVENTION

The improved precision spinning drop interfacial
tensiometer according to the present invention includes
a massive bearing housing supported on a massive base
having three-point leveling means. A pair of porous
bushings are tandemly aligned within the bearing hous-
ing. Compressed air inlet and outlet ports are provided
in the bearing housing. A precision ground shaft is jour-
naled in the bushings. A biprecision transparent isother-
mal sample tube is secured at one end to one end of the
shaft for precise coaxial rotation with the shaft. The
opposite end of the sample tube is closed by sealing
means. A sample holder housing encloses the sample
tube. The sample holder housing i1s removably secured
to the bearing housing. Aligned windows are provided
in the sample holder housing to permit viewing of the
sample tube. Gas inlet and outlet ports are provided in
the sample holder housing to permit sample tempera-
ture control. Power means are provided for rotating the
shaft and sample tube in the air bearings at a constant
rotational speed sufficient to maintain gyrostatic equi-
librium. Means are provided for measuring the rotation
of the shaft and further means are provided for position-
ing the shaft axially in the bearing housing.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is illustrated in the accompanying
drawings in which:

FIG. 1 1s an exploded perspective view, partly in
section, showing details of construction of the instru-
ment;

FIG. 2 1s an elevation, in section, showing details of a
coaxial spindle mount for a sample tube;

FIG. 3 1s an end elevation of the bearing housing on
the line 3—3 of FIG. 1 and in the direction of the ar-
rows; and

FIG. 4 1s an elevation, in section, showing an alterna-
tive sample tube mount and shaft axial positioning disc.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring now to the drawings, and particularly to
FIG. 1, there 1s shown a massive aluminum air bearing
housing 10 having a central longitudinal bore 11. A pair
of porous bushings 12 and 13 (Airlub Model LB-5, 0.5
in. i.d. and 1.9 in. long, Dico Bearings Specialty Co.,
Boston, Mass.) are carefully aligned in tandem in the
bore 11 of housing 10. Bearing housing 10 is provided
with inlet ports 14 and 15 for introduction of com-
pressed air to the bushings and outlet port 16 is pro-
vided for discharge of some of that air; the remainder of
the air escapes at the outer ends of the bushings. Coaxi-
ality of the bearings is critical. _

The bearings support a shaft 17 made from precision
ground 303 stainless steel, 0.5 in. nominal diameter and
5.5 m. long (Dico Bearings Specialty Co., Boston,
Mass.). The shaft is custom ground and polished for
0.0015 to 0.0020 in. diametrical clearance with the air
bearings. One end of shaft 17 is turned down and cus-
tom ground to form a 7/16 in. long coaxial spindle 18
for close fitting (about 0.0001 in. diametrical clearance)
into the bore of a sample holder 20. Spindle 18 is desir-
ably provided with peripheral grooves 19.
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Sample holder 20 is a biprecision Pyrex glass tube of
inner and outer concentricity +=0.0005 cm. As one ex-
ample, sample holder 20 is about 0.19 cm i.d. and 0.65
cm o.d. (Precision Electronics Glass, Inc., Vineland,
N.J.) cut 5 cm long and glued to the grooved spindle

and shaft shoulder with epoxy cement, as best seen in
FI1G. 2. A Teflon plug 22 4 mm long is square cut and
pressure fitted (0.0005 in. diametrical interference) into

the tube bore to prevent the liquid sample within the
sample holder from contacting the spindle.

The open end of tube 20 is sealed by a silicone rubber
disc 23 pressed into place by a Teflon cap 24 which has
an interior rim flange that snaps into a groove 25 ground
into the tube exterior. Cap 24 also has a central hole 26
to permit penetration of the seal-sealing disc 23 by a
hypodermic needle when, in the final step of the sample
loading procedure, the filled tube is pushed vertically
downward 1nto the cap and excess liquid must be ex-
pelled.

A Lucite housing 27 1s removably secured to air bear-
ing housing 10 as by the internally threaded open end 28
of housing 27 engaging externally threaded bearing
housing portion 29. Sample holder housing 27 is pro-
vided with a pair of windows 30 fitted with optically
flat glass panes 31. Housing 27 forms an enclosure for
sample tube 20 and its thermostated air bath. Inlet 32
and outlets 33 are provided for the flow of cooling air or
other temperature control gas through the sample
holder housing.

The driven end of shaft 17 carries a slotted aluminum
disc 34 for revolution counting, a double-flanged timing
belt pulley 35 (No. 16X1.037, Plastock, Inc., West
Nyack, N.Y.) and a grooved aluminum cap 36. Disc 34
has a slot 37 and a diametrically opposed hole 38 so
drilled as to compensate dynamically for the slot. A
rotation sensor 39 (Model H13B2, Photon-Coupled
Interruptor Module, General Electric Co., Fairfield,
Conn.) 1s mounted on bearing housing 10 astride the rim
of slotted disc 34. Cap 36 is provided with a groove 40
which engages the end tongue 41 of shaft 17, and a set
screw 42 which holds the cap seated on the end tongue
of the shaft. Disc 34, pulley 35 and cap 36 are cemented
together into one piece which is dynamically balanced
by the addition and removal of small amounts of mate-
rial, as necessary, a crucial adjustment. The disc-pulley-
cap piece can be fastened and unfastened from different
shaft and sample holder assemblies.

Shaft 17 is positioned axially by the pressure against
slotted disc 34 exerted by air escaping from the adjacent
air bearing 13, and by the pressure of an air jet 43 di-
rected axially at the set screw. So long as the timing belt
1s properly located, these pressures suffice.

A 1/10 hp D.C. motor-generator (Electro-Craft E-
586-MG@, Electro-Craft Corp., Hopkins, Minn.) single
flanged drive pulley (No. 48X1.037, Plastock, Inc.) and
timing belt (No. 130X1L.037, T. B. Wood’s Sons Co.,
Chambersburg, Pa.) give a 3:1 speed-up ratio without
slipping. This arrangement also helps the air bearings to
1solate the sample holder from any vibrations. in the
motor shaft. Belt location and tension are controlled by
adjustments 1in the motor mount. Too little tension re-
sults 1n axial wobble, particularly at lower speeds. Too
much causes the shaft to graze the bearings danger-
ously, particularly at higher speeds. In full adjustment,
radial runout at the spindle end turning up to 4,000 rpm
1s +0.0001 in. as measured by a dial indicator. Observa-
tion and photography through the microscope indicate
less runout than this above 12,000 rpm, evidently be-
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cause of the hydrodynamic self-centering action of the

shaft spinning in the air bearings. Calculations indicate

that the maximum operating speed of 15,000 rpm 1s well
below the critical speeds for lateral bending vibrations
of both the shaft and the sample holder. :

The drive unit has a 5,000 rpm maximum speed, deliv-
ering torque up to 20 oz.-in. for continuous and stable
operation. Current measurements indicate that the com-
plete instrument requires less than 8 oz.-in at maximum
speed, i.e., when the shaft and holder assembly turas at
15,000 rpm. A speed control unit (Electro-Craft E-586-
0) provides better than 0.3 percent speed stability over
the entire speed range of the motor, as determined by
measuremenis on the complete instrument.

Compressed air for the air bearings is drawn from a
supply source through a pressure regulator and two air
filters (Model B5A, Commercial Filters Corp., Leba-
non, Ind.) in series. Pressure of from 45 to 50 psig 1s
required for instrument speeds in the range of 10,000 to
15,000 rpm. The air bearings and motor are protected
from damage by an adjustable, pressure activated mer-
cury switch (Model L604A, Honeywell Corp., Minne-
apolis, Minn.) coupled to a relay which breaks the
motor circuit whenever the air supply pressure drops
below the required level.

In FIG. 4 there is shown an alternative sample holder
and receptacle mount. The alternative sample tube 20A
is closed at one end (with a nearly flat bottom inside)
and this end slides into a precisely bored receptacie in
the end of shaft 17A. Though the slide-fit is adequate
when liquid wetted, a rubber O-ring shoulder 44 pro-
vides a slight pressure-fit and thus a vacuum seal to
guarantee that the sample holder remains fixed in the
spinning assembly. When this alternative receptacle
mount is employed, in order to maintain the axial posi-
tion of the shaft, air jet 43 is replaced by an unslotted
aluminum disc 45 positioned at the sample holder end of
shaft 17. With about 1/32 in. clearance between them
and the ends of the air bearings, the air escaping past the
discs at both ends of the shaft provides opposed thrust-
bearing action which gives excellent axial posittoning.
With this alternative sample holder and receptacle
mount, radial runout measurements at the receptacle
bore indicate radial runocut of about £0.00015 in. and
less,

The tensiometer instrument is mounted on a massive
cast iron base with three legs resting on rubber pads to
help damp any vibrations. Two of the three legs are
adjustable screws for leveling the axis of rotation of the
sample holder, a vital provision. In an earlier design, the
local heating by ball bearings causes axial temperature
gradients which often induce flows that hold a drop
close to a particular axial location. Vibration-induced
flows might have the same effect in some instances. In
the present instrument, these perversions of gyrostatic
equilibrium are suppressed leaving the drop in neutral
equilibrium with respect to axial translation if the rota-
tion axis could be made perfectly horizontal. Of course,
it cannot be. Moreover, a compromise has to be struck
between the damping action of the mounting pads and
the accuracy and endurance of a leveling on them. With
very careful leveling, a drop typically takes four fo six
hours to migrate axially to the ever-so-slightly higher
end of the sample holder. The rate depends on not only
misalignment, but also the density difference, viscosity
(primarily of the denser fluid), angular velocity and
dimensions of the drop and the tube containing 1t. For
long runs, it is advisable to check and adjust leveling
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every few hours, an inconvenience which is the price of
eliminating convection. |

MEASUREMENT PARTICULARS

To determine interfacial tension with a spinning drop

instrument requires measuring the rotational speed and

diameter of a drop of appropriate size. In addition,
gyrostatic equilibrium must be established and, external
to the tensiometer, fluid densities must be measured.

Rotational speed is measured with a digital frequency
counter (Model 5381A, Hewlett-Packard Co., Santa
Clara, Calif. or, for testing and comparison, a Model
6A75, Atec, Inc., Houston Tex.) activated by the rota-
tion sensor 39 astride the slotted disc 34. The pulse
signals from the latter can also be used to synchronize a
sirobe light. The three counter gate times of 0.1, 1, and
10 sec. are convenient for testing, but the longest is used
for accurate measurement and gives a resolution of 0.1
cycle/sec. in the quotient of the number of cycles
counted and the counting period, 10 sec. Speed stability
of the instrument was determined with each of the
counters and a temporarily mounted, double-slotted
aluminum disc; the resolution of the counter display
was limiting but could have been overcome by using a
disc with four or more slots. The results indicated 0.34
percent or better speed stability at 4,700 rpm and 0.17
percent at 11,000 rpm. A multiway switch wired to the
interruptor module of each apparatus allows speed mea-
surements to be made on four or more instruments suc-
cessively with only one frequency counter. A similar
switch enables a single siroboscope to be used for sev-
eral instruments when synchronized illumination 1s de-
sired during diameter measurement in each.

Apparent drop diameter 18 measured with accuracy
0.0001 cm by means of a bifilar micrometer microscope
(Model 110A, Gaertner Scientific Corp., Chicago, Ili.)
and, when wanted, drop length is found with the aid of
a micrometer slide (Gaertner) built into the microscope
assembly. This assembly is fastened with set screws iato
slots machined in an arm of the instrument base. Alter-
natively, it is fastened to a separate, movable base which
can be brought successively into registry with different
instrument bases when more than one apparatus 1s being
used. Being fastened to a separate base, the microscope
can be adjusted without preturbing the leveling of the
instrument proper. This is particularly advantageous for
runs in which a drop is kept spinning for hours or days.

The instantaneous image of the drop is shifted and
distorted by non-uniformities in the glass wall of the
sample holder. Most significant are departures of the
inner and outer surfaces from concentricity; azimuthal
variations in the radi are generally smaller {owing to
the surface tension of glass above the fictive tempera-
ture). Analysis by ray optics shows that typical eccen-
tricity (0.002 to 0.003 cm) in selected precision-bore
glass tubing can cause up to (.5 percent error 1n appar-
ent drop diameter. Moreover, for drop diamefters less
than 0.01 cm the image shifts vertically up to 30 percent
away from the rotation axis, once per revolution. The
eye is unable to resolve the instantaneous image of the
drop and a synchronized strobe light 1s required to
avoid positional blurring. Biprecision tubing is needed
for these reasons as well as for external centering when
the. alternative receptacle mounting is employed. The
sample holders used cause an insignificant error of 0.03
percent in instantaneous apparent drop diameter when
the eccentricity is 0.0005 cm. This fact, together with
the coaxiality of sample holder and shaft, and the
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smooth running of the latter, permit accurate measure-
ment of apparent drop diameter in continuous lighting,
provided the drop is not too small and gyrostatic equi-

librium is attained. However, when drop diameter is less
than 0.02 cm, the 0.0005 cm eccentricity causes enough

blurring to generate 2 percent uncertainty in diameter,
and synchronized stroboscopic lighting becomes desir-
able. Otherwise such illumination is optional except for
purposes of checking, whereas it 1s necessary to achieve
the maximum precision possible with earlier instrument
designs.

The cylindrical lens effect of the sample holder must
be compensated by a magnification factor M to arrive at
the true drop diameter. A fractional error in M pro-
duces triple the fractional error in interfacial tension
deduced from the measurements (see equation below).
The factor M can be found by measuring the apparent
diameters of the low-density, cylindrical bodies of
known diameters that float in sample liquid and there-
fore center themselves on the axis of the spinning tube.
However, tests showed that M varies severely with
different liquid fillings and quite significantly with tem-
perature. Evaluating M experimentally can become
time consuming.

In a theoretical treatment by ray optics which has
been overiooked by many later workers, A. Silberberg
(Ph.D. Thesis, University of Basel, Switzerland, 1952)
showed that in the ideal case of a perfectly cylindrical
tube, M 1s equal to i’ the refractive index referred to air
of the denser fluid which surrounds the drop. This index
1s within 0.03 percent of 7, the refractive index referred
to vacuum. Hence D=Dygpp/n where D and Dgpy are
the true and apparent diameters, respectively, of the
drop of less dense fluid. To compare this relation with
M, refractive indices 7 of from 1.3442 to 1.6564 were

determined for seven liquids with a refractometer
(Bausch and Lomb). Direct measurements of M with

three different floats and these liquids in each of three
selected precision-bore sample holders about 0.19 cm
1.d. and 0.65 cm o.d. agreed with the values of n with
standard deviation of 1.1 percent and maximum devia-

tion of 1.4 percent. These deviations are attributable to

the uncertainties in measuring the float diameters and to
the eccentricities of the sample holders, which were not
of biprecision tubing. Indeed, stroboscopic lighting was
required and when it was desynchronized slightly the
apparent diameter of a float varied periodically in time.

The conclusion is that the magnification factor M can
be replaced by the refractive index m, which is easily
determined outside the sample tube, and the error is
certainly less than 1.4 percent. With biprecision tubing
the error 1s very probably the uncertainty in 1, namely
less than 0.02 percent with the refractometer used in
conjunction with the new instrument. Densities are
readily found with an accuracy of 0.0001 g/cm3 with an
oscillating tube precision digital density meter (PAAR
Model DMA 40, Mettler Instrument Corp., Princeton,
N.J.).

An indirect test for gyrostatic equilibrium is to mea-
sure tenston at different rotational speeds; a direct test is
by synchronized flashing illumination to ‘“stop” the
spinning sample holder or motion within it so as to
reveal any relative movement. The sample holder is
“stopped” by once every shaft revolution triggering a
stroboscope (Strobotac Model GR 1531, General Radio
Co., West Concord, Mass.) with the signal from the
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8
photo interruptor. This stroboscope has an internal
oscillator for flashing-rate control when not externally
triggered and is well suited to testing for gyrostatic

equilibrium and to visualizing the flows inside the sam-
ple holder when gyrostatic equilibrium is absent.

ANALYSIS OF INHERENT MEASUREMENT
ERRORS

The basic formula for interfacial tension from spin-
ning drop measurements when written in terms of ap-
parent drop diameter Dgpp and denser fluid refractive
index 7 becomes the working formula:

The error in Dy, depends on the resolution (0.0001 cm)
of the microscope and the eccentricity (0.0005 cm) of
the biprecision-tubing sample holder. The former domi-
nates drop sizes up to about 0.2 cm, and the latter be-
comes significant beyond. Thus the error ranges from
1.4 percent for a 0.01 cm diameter drop to 0.1 percent
for a 0.2 cm drop and still less for larger ones. The error
in 2 is less than 0.3 percent, that in 1 is less than 0.02
percent, and that in Ap i1s less than 0.3 percent provided
the density difference exceeds 0.05 g/cm3. The approxi-
mation error in the basic formula itself is less than 0.1
percent provided the length L of the spinning drop is
not less than five times its equatorial diameter, i.e.,
L/D=535, and is less than 0.4 percent when L/D=4.

Summarizing the error analysis, generally the contri-
bution from diameter measurement is controlling when
diameter is small, whereas the contribution from speed
measurement becomes controlling at the larger drop
diameters associated with tensions down to, say, 6
dyn/cm when =35,000 rpm and Ap=0.2 gm/cm’. (A
variable is labeled “controlling™ if it contributes 80
percent or more of the estimated error.) A range of
uncertainty in speed control and speed measurement
exists in the new instrument; correspondingly the ex-
pected error is about 1 percent when Dgpp=0.05 cm and
1s less at larger Dy, Unless the densities of the two
phases are close, the tensions corresponding to this
diameter span are 0.08 dyn/cm and higher. Our rule is
to use the lowest speeds () that satisfy the requirement
of gyrostatic equilibrium. For a given tension, Dgp.
p 1708 and so lower speed brings larger drop diameter
and more accurate diameter measurement. The speed
should remain fast enough that L/D >4 or 5, however;
otherwise the equation must be augmented by a shape
factor. '

In the ultralow tension range, 0<0.01 dyn/cm,
speeds in the range 5,000-6,000 rpm are often satisfac-
tory. Then Dgpp typically is less than 0.02 cm, the preci-
sion-limiting factor is optical resolution, the fractional
error in o is inversely proportional to Dgpp, and the
level of error expected in determining ultralow tensions
1s 2 percent or more, being larger the lower the tension.
Because the limitation is optical resolution, this error
probably cannot be reduced significantly by further
refinements in design. R

EXAMPLES

Results with three systems that bridge several orders
of magnitude of tension are compared with literature
values in the Table:
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COMPARISON OF INTERFACIAL TENSION MEASUREMENTS AT 23 = 1" C.

Precision Spinning

Drop Interfacial Interfacial
Example System Tensiometer Tensiometer?
I n-decane/walter 45.70 = 0.30 4585 = 0.33
| {equilibrated)
Il n-butanol/water 1.620 += 0.004 1637 = 0.004
(equilibrated)
I11 n-gctane/
surf. soln.# 0.0023 %= 0.0002 0.0018 + 0.0002

“1 isted range is one standard deviation above and below the mean.

ha S Michaels and E. A. Hauser, J. Phys. Chem. 55 408 (1951); pendent drop method.

UT Spinning Drop

iterature Values
46.2 dyn/cmé’

1.88 dyn/cm at 27° C.C
1.779

1.83¢
1 47

[}.ﬂDl dyn/cm at 27° C.F

¢]. L. Cayias. R. S. Schecter and W. H. Wade, in Adsorption at Interfaces {ed. by K. L. Mittal}, ACS Symp. Ser. 8 (1973):

spinning drop method.

‘C. D. Manning, M.S. thesis, University of Minnesola (1976); spinning drop method.

*C. D. Manning, loc. cit.; sessile drop method.
JC. D. Manning. loc. cit.; pendent drop method.
%0.2 percent wt. Witco Co. petroleum sulfonate TRS10-80 dispersed

in 1 percent wt. NaCl in water; the resuliing solu-

tian/dispersion is loaded into the sample holder and an octane drop injected; any equilibration takes place in the forty-hour

neriod until the drop reaches a diameter that remains constant for six hours.

NOVEL CONCEPTS AND ADVANTAGES

The spinning drop method depends on approaching
gyrostatic equilibrium closely enough for reliable ten-
sion measurements. Gyrostatic equilibrium cannot in
principle be attained totally owing to the earth’s gravi-
tational field. Moreover, departures are aggravated by
vibrations, lack of coaxiality, and temperature gradi-
ents. These limitations were not adequately recognized
in the prior art. The main points of novelty and advan-
tage in this invention are the following:

1. Combined use of air bearings and precision axial
mountings of sample holders in order to reduce vibra-
tions and eccentricities, eliminate temperature gradients
within the sample, and assure suppression of interfering
hydrodynamic flows that were undetected or unap-
preciated in the prior art.

a. Vibrations. The air bearings hydrodynamically
center the spinning assembly and, with careful
dynamic balancing, practically remove radial vi-
brations. The timing belt transmission protects
against vibrations generated in the motor shaft.
Axial vibration is effectively eliminated by employ-
ing axial thrust of air escaping from the air bearings
past positioning discs, aided if necessary by an axial
air jet.

b. Coaxiality. The spindle mounting ensures coinci-
dence of the axis of the inner surface of the sample
holder and the axis of rotation. The alternative
receptacle mounting, though it enforces coaxiality
slightly less well, conveniently allows sample hold-
ers to be interchanged in a single shaft.

2. Use of sample holders of biprecision glass tubing of
high precision, i.e., accuraiely round with inside and
outside surfaces virtually concentric in order to elimi-
nate azimuthally varying optical distortion of the spin-
ning drop, so that its diameter can be measured accu-
rately without needing a stroboscope. This is only possi-
ble because (1) has been achieved.

3. Measurement of refractive index of the denser fluid
rather than determination of magnification factors for
drops, a tedious and much less accurate procedure. This
is only possible in precise measurements of interfacial
tension because (2) has been achieved.

4. Mounting of sample holders to allow them to be
viewed from any direction at all times, so that flows are
readily detected within the sample holder, and thereby
any departures from the gyrostatic equilibrium neces-
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sary for precise measurement of interfacial tension. This
feature also makes it easy to control the sample temper-
ature by bathing the sample holder in the thermostated
air.

5. Locating the entire apparatus within a thermo-
stated bath of dry air and supplying the bearings with
air at the same temperature, so that measurements can
conveniently be made at temperatures substantially
different from ambient.

6. Provision of standard three-point leveling means
for bringing the axis of rotation of the sample holder
closer to horizontal than had been recognized as desir-
able in the prior art, owing to interference by other,
greater sources of error.

7. Use of timing belt to avoid any possibility of slip-
page in the speed-up linkage between motor and main
shaft of the instrument, and thereby to ensure more
accurate speed control than had been recognized as
desirable in the prior art.

8. Multiway switching that allows one frequency
counter to be used to measure speeds of four or more
instruments in cyclic sequence; similar provision for
using one stroboscope, when desired, 1n cyclic sequence
with four or more instruments; and a design that allows
one measuring microscope to be shared among four or
more instruments. These features are particularly cost
effective.

It is apparent that many modifications and variations
of this invention as hereinbefore set forth may be made
without departing from the spirit and scope thereof.
The specific embodiments described are given by way
of example only and the invention is limited only by the
terms of the appended claims.

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as
follows: S

1. An instrument for measuring interfacial tension
between two fluids of different density by means of a
drop of the less dense fluid surrounded by the more
dense fluid, both fluids spinning together in gyrostatic
equilibrium, said instrument comprising:

(A) a massive bearing housing adapted to be sup-
ported on a massive base having three-point level-
ng means, ~
(1) a pair of porous bushings tandemly aligned

within said bearing housing,
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(2) compressed air inlet and outlet ports in said
bearing housing,

(3) a precision ground shaft journaled in said bush-
ings,

(4) means for measuring the rotation of said shaft,
and

(5) means for positioning said shaft axially in said
housing,

(B) a biprecision transparent isothermal sample tube
rigidly secured at one end to one end of said shaft
for precisely co-axial rotation therewith,

(1) sealing means closing the opposite end of said
sample tube,

(C) a sample holder housing enclosing said sample
tube,

(1) said sample holder housing removably secured
to said bearing housing,

(2) aligned windows in said sample holder housing
permitting viewing of said sample tube,

(3) temperature control gas inlet and outlet ports in
said sample holder housing, and

(D) power means for rotating said shaft and sample
tube at a constant rotational speed sufficient to
maintain gyrostatic equilibrium.

2. An instrument according to claim 1 wherein said
means for measuring the rotation of said shaft com-
prises: -

(A) a dynamically balanced slotted disc mounted for
rotation with said shaft, and | .
(B) a fixed rotation sensor mounted astride the pe-

riphery of said disc.

3. An instrument according to claim 2 wherein:

(A) said disc has a radially extending peripheral slot
and a diametrically opposed dynamically compen-
sating hole, and

(B) said rotation sensor is a photon-coupled interrup-

tor module. |

4. An instrument according to claim 1 wherein:

(A) said shaft has an integral precisely ground pre-
cisely co-axial spindle extending from one end
thereof,

(B) one end of the bore of said sample tube is fitted
over said spindle and rigidly secured thereto, and

(C) sealing means are provided between said bore and
the end of said spindle.
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5. An instrument according to claim 4 wherein said
spindle is grooved and said sample tube is cemented to

the grooved spindle.

6. An instrument according to claim 4 wherein said
means for positioning the shaft axially in the bearing
housing comprises:

(A) a dynamically balanced disc mounted for rotation
with said shaft and closely spaced from the end of
the porous bushing at the driven end of the shaft,
and

(B) an axial air jet directed against the driven end of
the shaft.

7. An instrument according to claim 1 wherein:

(A) a precisely bored precisely co-axial tube recepta-
cle 1s provided in one end of said shaft,

(B) said sample tube is closed at one.end, and

(C) the closed end of said sample tube is received into
and rigidly secured in said receptacle.

8. An instrument according to claim 7 wherein said
means for positioning the shaft axially in the bearing
housing comprises a pair of dynamically balanced discs,
each mounted to rotate with said shaft and located
closely spaced from the outside opposite ends of said
porous bushings.

9. An mstrument according to claim 1 wherein:

(A) said sample tube has an outside peripheral groove

adjacent the open end thereof,

(B) said sealing means comprises:

(1) a cap enclosing the open end of the tube,

(2) an internally extending flanged lip on said cap
engaging the groove in said tube,

(3) a resilient disc between the end of said tube and
the inside of said cap, and

(4) a hole in said cap co-axial with the bore of the
tube.

10. An instrument according to claim 1 wherein said
sample holder housing is transparent.

11. An instrument according to claim 1 wherein each
of the windows in said sample holder housing 1s fitted
with an optically flat glass window pane.

12. An instrument according to claim 1 wherein said
pOWEr means comprises:

(A) an electric motor fitted with a cogged drive pul-

ley, | |

(B) a timing belt pulley secured to said shaft, and

(C) a timing belt interconnecting said pulleys.
¥ ] S e ¥
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CERTIFICATE OF CORRECTION
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It is certified that error appears in the above—identified patent and that said L etters Patent
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On the title page, the following statement is omitted:

--The Governmment has rights in this inventilion pursuant to
Grant Number AER75-03522 awarded by the National Science

Foundation. --
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